N umerous epidemiological studies have indicated that the insulin resistance and hyperinsulinemia associated with type 2 diabetes make important contributions to the development of hypertension and cardiovascular diseases, and impaired endothelium-dependent vasodilation has been described in humans and in animal models of the disease. 1, 2 We and others have demonstrated that both aortic endothelial dysfunction and hypertension are present in type 2 spontaneously diabetic (db/db Ϫ/Ϫ ) mice and in fructose-fed insulinresistance mice. [3] [4] [5] [6] Our recent observation that endothelial function and nitric oxide (NO) production are impaired in aortic strips from spontaneously type 2 diabetic GotoKakizaki rats seemed to conflict with our finding that the expressions of the mRNA and protein for endothelial NO synthase (eNOS) were increased in such aortas. 7 However, a possible explanation may be that in the intact cells, NO synthesis is regulated independently of changes in eNOS enzyme activity.
Recent reports have suggested that in response to a variety of stimuli, efficient NO production requires eNOS phosphorylation through the phosphatidylinositol 3-kinase (PI3-K)/ Akt pathway. 8 -10 PI3-K subsequently phosphorylates Akt, which in turn phosphorylates eNOS, and so enhances NO production. Some studies have suggested a role for PI3-K/Akt in the induction of NO in the endothelium by insulin or ␤-agonists, because inhibition of such agonist-induced activations of PI3-K leads to impaired NO availability. 10, 11 However, it is not known how (or whether) PI3-K/Akt/eNOS regulation is altered in the impaired endothelium-dependent relaxation seen in type 2 diabetic models.
In a fairly new experimental model (adult rats given streptozotocin [STZ] and partially protected with a suitable dose of nicotinamide), [12] [13] [14] [15] the diabetic syndrome shares a number of features with human type 2 diabetes and is characterized by stable moderate hyperglycemia, glucose intolerance, altered but significant glucose-stimulated insulin secretion, altered in vivo and in vitro responsiveness to tolbutamide, and a reduction in pancreatic ␤-cell mass. 12, 14 In mice, no previous study has determined a suitable dose of nicotinamide for the production of a similar type 2 diabetic model (with mild hyperglycemia and hyperinsulinemia). In the present study, we established such a mouse model after testing various dosages of nicotinamide.
Abnormal regulation of PI3-K/Akt may be one of several factors contributing to endothelial dysfunction in type 2 diabetes. We decided to examine the mouse aorta, a vessel that is mainly NOS-dependent in its endothelium-mediated relaxations. The aim of the present study was to investigate the relationship between the PI3-K/Akt signal system and endothelium-dependent relaxation in nicotinamide-STZinduced type 2 diabetic mice. We also asked whether aortas from control and such type 2 diabetic mice might differ in their Akt and PI3-K expression profiles.
Methods

Animals and Experimental Design
Male Institute of Cancer Research (ICR; Tokyo Animal Laboratories, Tokyo, Japan) mice (5 weeks old) received an intraperitoneal injection of 0.35, 0.7, or 1.5g/kg body weight of nicotinamide dissolved in saline 15 minutes before an injection via the tail vein of STZ 200 mg/kg dissolved in a citrate buffer. After a given mouse had been in a constant temperature box at 37°C for a few minutes (at 6 or 10 weeks after nicotinamide-STZ administration), its systolic blood pressure was measured by the tail-cuff method using a blood pressure analyzer (BP-98A; Softron). 5 Finally, mice were anesthetized with diethyl ether and euthanized by decapitation 12 weeks after treatment with nicotinamide-STZ or buffer. This study was conducted in accordance with the Guide for the Care and Use of Laboratory Animals adopted by the Committee on the Care and Use of Laboratory Animals of Hoshi University (which is accredited by the Ministry of Education, Science, Sports, and Culture, Japan). Concerning the intravenous glucose tolerance test, measurement of isometric force, measurement of NO 2 Ϫ and NO 3 Ϫ , Western blotting, Akt phosphorylation, and the statistical analysis (please see http:// www.hypertensionaha.org for an expanded Methods section).
Results
Plasma Glucose, Insulin, Systolic Blood Pressure, and Body Weight As indicated in the Table, nonfasting plasma glucose levels were significantly elevated in all 3 dosage groups (0.35, 0.7, 1.5 g/kg nicotinamide) of nicotinamide-STZ-induced diabetic mice (versus controls). The plasma insulin level was significantly higher in the 1.5 g/kg dosage group than in the controls, whereas in the 0.35 and 0.7 g/kg dosage groups it was either significantly lower than in the controls or not detected. Systolic blood pressure was significantly higher than in the age-matched controls in both the 0.7 g/kg and 1.5 g/kg dosage groups at 10 weeks (see values in the Table) . In mice given nicotinamide (1.5 g/kg) alone, none of these parameters showed any change (data not shown). In all subsequent experiments, the mice referred to as "diabetic" had received 1.5 g/kg of nicotinamide in addition to STZ 12 weeks before the experiment.
Intravenous Glucose Tolerance Test
After an intravenous glucose injection (2 g/kg) in control mice, postload plasma glucose and insulin levels returned to basal values at Ϸ60 minutes ( Figure 1 ). In our diabetic mice, the postload glucose disappearance rate was slower than in the controls; plasma glucose reached 672Ϯ55 mg/dL at 30 minutes after the glucose injection, then slowly decreased (at 60 minutes, 660Ϯ59 mg/dL; at 120 minutes, 590Ϯ58 mg/dL) ( Figure 1A ). Glucose administration in our diabetic mice caused only a modest increase in the circulating insulin level, which was, however, still raised at 120 minutes ( Figure 1B ).
Vascular Reactivity in Aorta
The ACh-induced relaxation tended to be weaker in rings from diabetic mice, but not significantly ( Figure 2A ). In contrast, the relaxations to clonidine and insulin were very weak in rings from diabetic mice ( Figure 2B and 2C). At 20 weeks after STZ-nicotinamide, both types of relaxation (ACh-induced and clonidine-induced) were significantly weaker in the diabetic group than in the control group (data not shown). Both of these relaxation responses were abolished by preincubation with the NOS inhibitor L-NNA at 7ϫ10 Ϫ7 mol/L (online Figure IA and IB) , but not by preincubation with indomethacin (data not shown). The relaxation induced by SNP did not differ significantly between the 2 groups of mice ( Figure 2D ). In mice given nicotinamide (1.5 g/kg) alone, the clonidine-induced relaxation showed no change (data not shown). The ACh-induced and SNP-induced relaxations were not changed by treatment with either 7ϫ10 Ϫ8 mol/L Wortmannin; data not shown) in either controls or diabetic mice. In contrast, the clonidine-induced and insulin-induced relaxations were almost completely abolished by each inhibitor in control mice, the residual response being similar to the very weak response seen in diabetic mice ( Figure 2B , 2C, and 2F). The clonidine-induced relaxation was not changed by treatment with SOD (180 U/mL) in either controls or diabetic mice. In contrast, the ACh-induced relaxation tended to be enhanced in diabetic aortas treated with SOD, but not significantly ( Figure IC and ID) . Neither of these relaxation responses was changed by preincubation with catalase (1000 U/mL) (data not shown). The NO synthase inhibitor L-NNA induced a significantly weaker contraction in diabetic aortas than in the controls (Figure 3) , indicating a reduced basal NO formation in aortas from diabetic mice. The L-NNA-induced contraction in control aortas was significantly diminished by either Akt inhibitor or LY294002 (Figure 3) .
Measurement of NO x ؊ Production
ACh increased the NO x Ϫ level in the perfusate from aortic strips, the ACh-stimulated level was unchanged in diabetes (versus the controls). Pretreating aortic strips with LY294002 had no effect on this response in either group of mice. By contrast, the clonidine-stimulated NO x Ϫ level was significantly decreased in diabetes (versus the controls). When control aortic rings were pretreated with LY294002, the clonidine-stimulated NO x Ϫ level was significantly decreased to a level comparable to that seen in the diabetic group. In diabetic rings, the clonidine-stimulated NO x Ϫ level was not significantly affected by pretreatment with LY294002 (Figure 4A) .
Measurement of cGMP Production
ACh increased the cGMP level in aortic strips, and the ACh-stimulated level was unchanged in diabetes (versus the controls). Pretreating aortic strips with LY294002 or Akt inhibitor had no effect on this response in either group of mice. By contrast, the clonidine-stimulated cGMP level was significantly decreased in diabetes (versus the controls). When control aortic rings were pretreated with LY294002 or Akt inhibitor, the clonidine-stimulated cGMP level was significantly decreased to a level comparable to that seen in the diabetic group. In diabetic rings, the clonidine-stimulated cGMP level was not significantly affected by pretreatment with LY294002 or Akt inhibitor ( Figure 4B ). Thus, these results were similar to those described for NO x Ϫ levels.
Expressions of the Proteins for the p85 and p110␥ Subunits of PI3-K
In vivo, PI3-K is a heterodimer consisting of a p110 catalytic and a p85-type or p101-type noncatalytic subunit. 16 The p85-subunit binds to tyrosine-phosphorylated receptor tyrosine kinases, whereas the p110 subunit is required for G-protein-mediated activation of PI3-K. 16 Western blotting 
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was performed on aortas obtained from our controls and diabetic mice. Use of anti-p85 and anti-p110␥ subunit antibodies allowed detection of immunoreactive proteins with molecular weights of 85 kDa or 110 kDa ( Figure 5A ). Neither p85 nor the p110␥ subunit protein level was different between diabetic mice and controls.
Expression of Akt Protein and Phosphorylation of Akt Through PI3-K
Use of anti-Akt antibody allowed detection of immunoreactive protein with a molecular weight of 59 kDa ( Figure 5A , lower). The expression of such Akt protein was significantly decreased in aortas from diabetic mice (versus the controls) ( Figure 5B ). The enhancement of Akt phosphorylation induced by ACh or clonidine was attenuated in the presence of LY294002 (data not shown). ACh increased Akt phosphorylation through PI3-K in aortas from control mice (versus ACh-untreated aortas). The ACh-stimulated Akt phosphorylation through PI3-K was unchanged in our diabetic mice (versus the controls) ( Figure 5C ). Clonidine increased Akt phosphorylation in aortas from control mice, and in the control group the clonidine-stimulated Akt phosphorylation level was significantly higher than the ACh-stimulated level ( Figure 5C ). Clonidine-stimulated Akt phosphorylation through PI3-K was significantly weaker in aortas from diabetic mice (versus the controls) ( Figure 5C ).
Discussion
The most important observations made in the present study, which compared aortas from nicotinamide-STZ-induced type 2 diabetic mice with those from age-matched controls, were that the diabetes did not alter ACh-induced relaxation or NO/cGMP production (which are not mediated via PI3-K/Akt signal pathways), whereas clonidine-induced and insulininduced relaxations and NO/cGMP production were much weaker, passively because of reductions in both Akt phosphorylation and Akt protein expression (but not because of a decline in PI3-K activities) in this type of diabetes. These reductions may underlie the vascular resistance to insulin associated with type 2 diabetes.
An approach similar to ours was taken by Masiello et al to produce a new animal model of human type 2 diabetic mellitus in adult rats given nicotinamide and STZ together. 12 Our mouse model differs in that we gave 1.5 g/kg nicotinamide before 200 mg/kg STZ treatment to achieve mild hyperglycemia and hyperinsulinemia. Our IGTT data indicate that our model had an impaired glucose tolerance and impaired insulin responsiveness (versus the controls), confirming its type 2 diabetic status.
The major finding in this study is that the mechanisms underlying endothelial dysfunction in type 2 diabetic mice may involve impairment of the PI3-K/Akt pathway. In our model, clonidine-induced relaxation and NO/cGMP production were greatly attenuated. Activation of ␣ 2 -adrenoceptors on endothelial cells reportedly stimulates the release of NO. 17, 18 The present clonidine-induced relaxation was markedly diminished in control and diabetic aortas by treatment with L-NNA, an inhibitor of NOS, suggesting that the clonidine-induced response is regulated by NO released from the endothelium. Further, the clonidine-stimulated NO x Ϫ / cGMP level was decreased in our diabetic aortas. These results strongly suggest that the observed impairment of the clonidine-induced response in our diabetic mice is caused by a decrease in the NO release mediated through endothelial ␣ 2 -adrenoceptors. This is consistent with previous observations of endothelial dysfunction in type 2 diabetic models. [3] [4] [5] [6] Interestingly, the clonidine-induced relaxation and NO production were impaired, whereas ACh-induced responses were unchanged in the present type 2 diabetic aorta (at 12 weeks after nicotinamide-STZ). Possibly, this may be attributable to one agonist being an ␣ 2 -adrenoceptor agonist, whereas the other is a muscarine-receptor agonist. Indeed, ␣ 2 -adrenoceptors are closely linked to GTP-binding protein, 19, 20 whereas ACh receptors may not be linked to such a protein. 5, 21 Many stimuli (including insulin, vascular endothelial growth factor, ␤-agonists, and shear-stress signals) regulate NO production by activating eNOS via Ser-1177 phosphorylation through the PI3-kinase/Akt pathway. 10, 11, 22 When a PI3-K or Akt inhibitor was added in our study, there was no significant difference in the ACh-induced relaxation or in NO x Ϫ /cGMP production, whereas the clonidine-induced and insulin-induced responses were completely abolished by each inhibitor in control aortas. These observations suggest that clonidine-induced and insulin-induced vasorelaxations are regulated by the PI3-K/Akt signal pathway. Furthermore, our finding suggests that in aortic strips from our diabetic mice, eNOS activation through the PI3-K/Akt pathway (as induced by clonidine or insulin stimulation) is decreased, whereas eNOS activation that does not rely on that pathway (eg, that induced by ACh stimulation) is unchanged. We therefore wondered if the activities of PI3-K and/or Akt might be changed by the diabetes. In fact, the expression level of the total protein for Akt was decreased, but those for the p85 and p110␥ subunits of PI3-K were unchanged in our diabetic mice. Moreover, the Akt phosphorylation induced by clonidine was decreased in our diabetic mice, whereas that induced by ACh was not. These data are consistent with those relating to the magnitude of the ACh-induced and clonidineinduced relaxations in our diabetic mice and directly suggest that relaxation responses and NO production mediated via the PI3-K/Akt pathway are altered in our type 2 diabetic mouse model, possibly because of the observed decreases in the phosphorylation and expression of Akt.
In this study, we found that the contraction induced by the NO synthase inhibitor L-NNA was diminished in aortas from diabetic mice, indicating a reduced basal NO formation in those mice. When a PI3-K or Akt inhibitor was added, the basal NO formation was completely abolished by each inhibitor in control aortas. These observations suggest that basal NO formation is regulated by the PI3-K/Akt signal pathway.
There are known functional ␣ 2 -adrenoceptors and insulin receptors on the endothelium, and NO production via each receptor has been shown to inhibit the contractile effects of ␣-adrenergic agonists and catecholamines in vascular smooth muscle. 5, 17, 21, 23 The ␣ 2A/D -adrenoceptor is expressed in the rat aorta and is coupled to endothelium-dependent NO-mediated relaxation. 18 Thus, the raised blood pressure seen in our diabetic mice may be secondary to a defect in ␣ 2 -adrenergicinduced and/or insulin-induced endothelial vasorelaxation (as evidenced by the impaired responses to clonidine and insulin). Chronically, in type 2 diabetes, a lack of insulin sensitization of the endothelial component of Akt signaling may contribute to a decrease in endothelial function, and hence to the progress of hypertension.
Perspectives
The impairment of Akt activity and Akt expression observed in type 2 diabetic mice may be secondary to such insulin resistance. It is unclear at present, however, which missing action of insulin in endothelial cells might be responsible for decreasing the Akt expression level in the diabetic aorta. The effect might be initiated by changes in the plasma glucose level or in the level of any of several hormones, including insulin. Regarding hyperinsulinemia models, it has been reported that insulin-stimulated Akt phosphorylation is reduced in microvessels isolated from insulin-resistant obese Zucker rats. 24 However, the high insulin levels found in patients with insulinomas apparently do not cause hypertension or atherosclerosis. 25 Actually, in cultured bovine endothelial cells, high glucose levels inhibit eNOS phosphorylation at Ser 1177, the Akt phosphorylation site. 26 We suspect that the relative lack of action of insulin and the hyperglycemia act together to cause an impairment of Akt activity and Akt expression in type 2 diabetic mice, resulting in impairments of PI3-K/Akt-mediated endothelial function and NO production.
